Defining the hardwiring of transcription factors to their cognate genomic binding sites is essential for our understanding of biological processes. We used scanning chromatin immunoprecipitation to identify in vivo binding regions (E boxes) for c-Myc in three target genes as a model system. Along with other c-Myc target genes that have been validated by chromatin immunoprecipitation, we used the publicly available genomic sequences to determine whether experimentally derived in vivo binding sites might be predictable from nonexonic sequence conservation across species. Our studies revealed two classes of target genomic binding sites. Although the majority of target genes studied [class I: B23 (NPM1), CAD, CDK4, cyclin D2, ID2, LDH-A, MNT, PTMa, ODC, NM23B, nucleolin, prohibitin, SHMT1, and SHMT2] demonstrate significant sequence conservation of the E boxes and flanking regions, several genes (cyclin B1, JPO1, and PRDX3) belong to a second class (class II) that does not display sequence conservation at and around the site of c-Myc binding. On the basis of our model, we propose a strategy for predicting transcription factor binding sites using phylogenetic sequence comparisons, which will select potential class I target genes among the many emerging candidates from DNA-microarray studies for experimental validation by chromatin immunoprecipitation.
Defining the hardwiring of transcription factors to their cognate genomic binding sites is essential for our understanding of biological processes. We used scanning chromatin immunoprecipitation to identify in vivo binding regions (E boxes) for c-Myc in three target genes as a model system. Along with other c-Myc target genes that have been validated by chromatin immunoprecipitation, we used the publicly available genomic sequences to determine whether experimentally derived in vivo binding sites might be predictable from nonexonic sequence conservation across species. Our studies revealed two classes of target genomic binding sites. Although the majority of target genes studied [class I: B23 (NPM1), CAD, CDK4, cyclin D2, ID2, LDH-A, MNT, PTMa, ODC, NM23B, nucleolin, prohibitin, SHMT1, and SHMT2] demonstrate significant sequence conservation of the E boxes and flanking regions, several genes (cyclin B1, JPO1, and PRDX3) belong to a second class (class II) that does not display sequence conservation at and around the site of c-Myc binding. On the basis of our model, we propose a strategy for predicting transcription factor binding sites using phylogenetic sequence comparisons, which will select potential class I target genes among the many emerging candidates from DNA-microarray studies for experimental validation by chromatin immunoprecipitation.
chromatin immunoprecipitation ͉ DNA binding ͉ phylogenetic footprinting G enomic regulatory systems, which consist of transcription factors interacting with gene regulatory modules to produce specific gene-expression levels, provide the molecular basis for the regulation of cell growth and development (1) . Hence, the identification of authentic transcription factor genomic binding sites is fundamental for an understanding of biological processes including cancer development (2) . The emergence of DNAmicroarray technologies has greatly expanded the number of transcription factor candidate target genes that require further experimental validation. The technologies for the identification of transcription factor binding sites such as electrophoretic mobility-shift assays (EMSAs) have been performed in vitro primarily with naked DNA templates without the consideration of chromatin structure and the accessibility of transcription factors to their binding sites in vivo (2) . Other approaches such as promoter-reporter transfection assays are also fraught with potential artifacts that do not reflect in situ binding of transcription factors to endogenous genes (2) . The development of scanning chromatin immunoprecipitation (SChIP) to identify in vivo target binding sites along with the availability of human, rat, and mouse genomic sequences provide a unique opportunity to assess different approaches to the identification of bona fide transcription factor binding sites (3) . In particular, mammalian transcription factor binding sites determined by ChIP had not been correlated with binding sites predicted from comparative genomic sequence analysis.
As a model system, we chose the oncogenic transcription factor c-Myc, which is a helix-loop-helix factor that binds DNA with its obligate partner Max (4-7). The consensus core binding sites of the Myc-Max heterodimer have been identified previously as 5Ј-CA(C͞T)GTG-3Ј or variations thereof (8) . We chose three established c-Myc targets, nucleophosmin (B23 or NPM1) (3), peroxiredoxin 3 (PRDX3) (9) , and JPO1 (10), to investigate c-Myc genomic binding sequences by SChIP and EMSA. B23 or nucleophosmin is a nuclear protein that participates in ribosomal biogenesis. PRDX3 is a mitochondrial peroxiredoxin that is necessary for c-Myc-mediated transformation of Rat1a fibroblasts. JPO1 is a nuclear protein with limited cellular transforming activity but without a known biochemical function.
In the studies we report here, we observed that binding in vivo as determined by SChIP correlates with in vitro DNA-binding assays. However, sequences capable of binding c-Myc in vitro are not necessarily bound in vivo, suggesting that the endogenous chromatin structure plays a role in regulating c-Myc binding. We studied the phylogenetic conservation of the c-Myc binding sequences of the three genes that we studied and 14 other genes that have been identified as c-Myc target genes and confirmed by ChIP. We used the publicly available genomic sequences to determine whether experimentally identified in vivo binding sites might be predictable from sequence conservation across species, an approach termed phylogenetic footprinting. Our studies reveal two classes of target DNA-binding sites. Class I contains a high level of nonexonic sequence conservation between organisms for transcription factor binding sequences, whereas class II sites display significant divergence of sequence between man and mouse. We propose a strategy to identify potential class I c-Myc target binding sites using phylogenetic comparisons, which will be effective for the validation of a large number of c-Myc target genes that have begun to emerge (www.myc-cancergene.org).
Experimental Procedures
EMSA. The purified c-Myc and Max heterodimeric proteins were a gift from S. Nair and S. Burley (Rockefeller University, New York). The proteins are histidine-tagged truncated forms of the human c-Myc protein (amino acids 353-434) and human Max (amino acids 22-103) with the addition of amino acids GGCD at the C terminus (11) . One 38-bp and one 46-bp oligonucleotide (some 36 and 44) were designed from the human genomic sequences (NT023132 for B23, NT008902 for PRDX3, and NT005332 for JPO1) with the E box situated in the middle of the oligonucleotide. Fifty nanograms of double-stranded oligonucleotide was labeled with [␥-32 P]ATP by using T4 polynucleotide kinase (NEB, Beverly, MA) following manufacturer protocol. Labeled oligonucleotides were purified by using the QiaQuick kit (Qiagen, Valencia, CA). Approximately 0.5 ng of probe (5 ϫ 10 5 to 1 ϫ 10 6 cpm) was used per reaction. Reactions were carried out in a 20-l volume at 20°C for 20 min in 50 mM KCl͞10 mM Tris, pH 8.0͞5% glycerol͞1 mM EDTA͞1 mM DTT͞50 ng of poly(dI-dC) (Amersham Pharmacia) as described (12) . The entire reaction was loaded on a 6% polyacrylamide gel and run at 20°C and 30 mA for 2 h. Quantitation of gels was performed by using a PhosphorImager and IMAGEQUANT software (Molecular Dynamics), and the percentage bound was calculated from the ratio of counts in the shifted complex to the total counts in the lane. For competition experiments, 100 ng of Myc-Max were incubated with wild-type E-box probe and either cold wild-type (E box) or mutant (no E box) oligonucleotide. The sequences of one strand of the oligonucleotides used to show Myc-Max binding were E-box oligonucleotide (5Ј-tgccttaagtctagtatcacgtgcagatcgctacaacgac-3Ј) and no E-box oligonucleotide (5Ј-tgccttaagtctagtatgcagctcagatcgctacaacgac-3Ј).
ChIP. The primary human fibroblasts 2091 (American Type Culture Collection) was used for all ChIP analyses (13) . Cells (1 ϫ 10 6 ) were plated on 15-cm dishes, incubated for 24 h, and then starved for 24 h in 0.1% serum-containing medium. After 0 or 2 h of serum stimulation, cells were exposed to formaldehyde, and chromatin was precipitated as described (14) . The rabbit polyclonal anti-c-Myc sc-764 antibody (Santa Cruz Biotechnology) was used to precipitate chromatin from 2 ϫ 10 7 cells. Immunoprecipitated samples were suspended in 30 l of TE buffer (10 mM Tris͞1 mM EDTA, pH 8.0). The total input represents the supernatant from the no-antibody control and was suspended in 100 l of TE buffer and diluted an additional 10-fold. Mock sample was treated similarly to other samples with all solutions but contained no chromatin. SChIP was performed as described (3).
PCR. The sequences of primer pairs used for PCR are listed in Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org. PCR was performed with 1 l of sample DNA or 1 ng of total input DNA, 0.5 mM each primer, 2.5 mM MgCl 2 , 0.4 mM each dNTP, 1ϫ Taq buffer (Invitrogen), and 1.25 units of Platinum Taq (Invitrogen) for 35 cycles. PCR products were analyzed on a 1.2% agarose gel, and bands were visualized by staining with ethidium bromide (3). Quantitation was performed by using LABWORKS image-analysis software (Ultraviolet Products). Relative amounts of each region were calculated by normalizing the 2-h ChIP sample to the quantity in the total input. For real-time PCR, a SYBR green reagents kit was used (Applied Biosystems) (3). Known quantities of total input were used to generate a standard curve for determining nanogram equivalents for each sample. All amplifications were carried out in the linear range.
Phylogenetic Comparisons. The sequences were downloaded from the NCBI web site. The sequences analyzed were limited to 2 kb upstream of the transcriptional start site and to the first exon, first intron, and second exon of the target gene. The transcriptional start site and intron-exon boundaries were determined from annotation of the NCBI sequences or by direct comparison of mRNA and genomic DNA. To find putative c-Myc binding sites, sequences were searched by using the nucleic acid motifs feature of OMIGA software (Oxford Molecular Limited, Oxford, U.K.). The search parameters were user-defined as the canonical or noncanonical c-Myc binding sites. To find homologous regions, sequences of human and mouse or rat orthologs were compared by using the dot-plot feature of OMIGA software. The occurrence of putative c-Myc binding sites in regions of homology were determined by examining alignments produced from the dot-plot analysis.
Results
Identification of E Boxes in B23, PRDX3, and JPO1 Sequences. The genomic sequences for human B23, PRDX3, and JPO1 were analyzed for the presence of canonical and noncanonical E boxes. The sequence of a canonical E box is 5Ј-CACGTG-3Ј, and the sequence of the noncanonical E boxes that c-Myc binds are 5Ј-CATGTG-3Ј, 5Ј-CACGCG-3Ј, 5Ј-CATGCG-3Ј, 5Ј-CAC-GAG-3Ј, and 5Ј-CACGTTG-3Ј. Fig. 1A shows the position of the E boxes found in the three genes. Identification of these putative c-Myc binding sites facilitates the investigation of in vitro and in vivo binding to these sequences.
SChIP Localizes Regions Bound in Vivo. We used SChIP to evaluate the potential c-Myc binding sites of the B23, PRDX3, and JPO1 loci (3). This technique involves designing a series of primer pairs throughout a gene locus for use in ChIP experiments. We previously established the effectiveness of this technique in a system in which addition of serum to serum-starved 2091 primary human fibroblasts induces c-Myc to a high level 2 h after stimulation. c-Myc targets have also been shown to be induced after the expression of c-Myc in this system (9) . Chromatin from the unstimulated cells (0-h time point) was used as a control for background binding, and chromatin obtained 2 h after stimulation was used to immunoprecipitate c-Myc target genes.
The human B23 locus was scanned previously by ChIP (3), and we now report an extended scan of the B23 locus including a region that contained a canonical E box in intron four (Fig. 1B , region J). Only two adjacent regions in intron one give strong signals for c-Myc binding in the ChIP assay (regions C and D). The peak of c-Myc binding occurs in region C, which contains two adjacent canonical E boxes, whereas the intron-four E box (region J) displayed no c-Myc binding. We also extended the scanning of PRDX3 to include four more regions between those published previously (9) . A peak of c-Myc binding activity was again seen (Fig. 1C) . Unlike the case for B23, the peak of Myc binding was broader and contained three regions encompassing the promoter and first intron (regions B-D). The B region contains a canonical E box, and the C and D regions contain noncanonical E boxes. None of the other regions were bound by c-Myc to significant levels in vivo. We also subjected the Myc target JPO1 to SChIP analysis and found that region D (Fig. 1D) is bound by Myc. This region contains a canonical Myc E box. Using SChIP we have localized the in vivo binding regions for c-Myc in three of its target genes.
c-Myc Binds B23 and PRDX3 E Boxes in Vitro. We sought to determine whether c-Myc binding in vivo as determined by SChIP correlates with its ability to bind target sequences in vitro. We designed EMSA probes with the putative E box in the middle of a 40-bp double-stranded oligonucleotide. We used purified truncated c-Myc and Max heterodimers that contain the basic helix-loop-helix leucine-zipper part of these proteins ( Fig. 2A) . Fig. 2B demonstrates the specificity of the EMSA, showing that an oligonucleotide with a canonical E box (5Ј-CACGTG-3Ј) is shifted by c-Myc-Max heterodimers, whereas an oligonucleotide with a mutated E box (5Ј-CCC-GGG-3Ј) is not. The EMSA experiment was quantitated as the percentage of probe bound (Fig. 2C) . The specificity of binding was demonstrated further by competition with unlabeled, cold oligonucleotide containing an E box that competes much better than an unlabeled oligonucleotide containing a mutated E box (Fig. 2D) .
We next determined whether putative c-Myc binding sites identified on the basis of consensus sequences could be bound by c-Myc-Max specifically in EMSA. The c-Myc Max protein bound the first E box (5Ј-CACGCG-3Ј; Fig. 1 A, region B of B23) upstream of the B23 promoter although weakly as compared with its binding to an oligonucleotide with a canonical (5ЈCACGTG-3Ј; Fig. 1 A, region C of B23) intron-one E box (Fig.  2 E-G) . In contrast to the noncanonical upstream E box, c-Myc-Max heterodimers bound the canonical E box (5Ј-CACGTG-3Ј) from intron four of B23 to high levels comparable to the canonical E box in the first intron of B23 (Fig. 2 E-G) . As shown earlier, however, the intron-four E box ( Fig. 1 A, region J of B23) was not bound by c-Myc in vivo. This specific instance illustrates that in vitro DNA binding does not correlate with in vivo binding ( Table 2 , which is published as supporting information on the PNAS web site).
We further evaluated some of the putative E boxes located in the PRDX3 locus. We studied the canonical E box upstream of the transcriptional start site, the three noncanonical E boxes in the first intron, and a noncanonical E box in exon two. The upstream canonical E box ( Fig. 1 A, region B or PRDX3) bound with the highest affinity, whereas the first two E boxes in intron one ( Fig. 1 A, regions C and D of PRDX3) bound with similar but lower affinity. The third E box in intron one was bound slightly less well, and the E box in exon two (Fig. 1 A, region E of PRDX3) was barely bound above background of an oligonucleotide with a mutant E box (Fig. 4 A-C , which is published as supporting information on the PNAS web site). In the case of PRDX3, in vivo binding of c-Myc corresponds to the in vitro binding activities (Table 2) .
Phylogenetic Comparison of c-Myc Target Genes.
Given the limitation of in vitro DNA-binding assays for the identification of transcription factor binding sites, we used genomic sequences to determine whether experimentally identified in vivo binding sites might be predictable from phylogenetic sequence comparisons. We selected the B23, PRDX3, and JPO1 as three well characterized Myc targets and 14 additional genes that have been shown to bind c-Myc directly through ChIP assays. These other genes include the multifunctional carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase (CAD) (14) , cyclin-dependent kinase 4 (CDK4) (15, 16) , cyclin B1 (CCNB1) (16), cyclin D2 (CCND2) (17) , inhibitor of differentiation (ID2) (18) , lactate dehydrogenase A (LDH-A) (3, 19) , the Max-binding protein MNT (16) , NM23B (20) , nucleolin (20) , ornithine decarboxylase (ODC) (3, 20) , prohibitin (PHB) (16), prothymosin ␣ (PTMA) (20) , cytoplasmic serine hydroxymethyltransferase (SHMT1) (21) , and mitochondrial serine hydroxymethyltransferase (SHMT2) (21) . We examined these genes for putative E boxes within the first 2 kb upstream of the transcriptional start site and sequences containing the first exon, first intron, and second exon. We then determined whether these human E boxes are phylogenetically conserved in the mouse and in some cases in the rat.
We identified two classes of c-Myc target genes. We found that the majority of these c-Myc targets belong to class I target genes that have E boxes that are evolutionarily conserved (Fig.  3) . In class I (B23, CAD, CDK4, cyclin D2, ID2, LDH-A, MNT, PTMa, ODC, NM23B, nucleolin, prohibitin, SHMT1, and SHMT2), the E boxes occur in nonexonic regions of DNA that are identically conserved among the species for longer than 12 bp (Fig. 5 , which is published as supporting information on the PNAS web site). In some cases the region of high sequence identity extends over several hundred base pairs. With the criteria of a 30-bp window and a minimum of 80% sequence identity, which is the average level of identity between human and murine exonic sequences, we identified 8 of 14 class I genes termed class IA (Fig. 3 and Fig. 5) . The class IB genes contain conserved islands that are detectable with a window of 30 bp and a minimum of 65% sequence identity. In class II (cyclin B1, JPO1, and PRDX3), there is no region of homology at or f lanking the genomic regions that c-Myc bound in ChIP studies. 
Discussion
The emergence of complete genome sequences from a variety of species provides an opportunity for sequence analysis to contribute to the identification of phylogenetically conserved, physiologically relevant transcription factor binding sites. We have chosen the c-Myc oncogenic transcription factor and its target genes to determine the extent to which evolutionarily conserved sequences could predict bona fide binding sites. Although our analysis is limited only to a small number of c-Myc target genes, specific examples illustrate that in vitro DNA binding does not necessarily predict in vivo binding of c-Myc to its binding site or E box. In the case of B23, in vitro DNA-binding assays demonstrate similar binding of c-MycMax to intron-one or -four E boxes, but SChIP revealed that c-Myc is only bound to intron-one E boxes in vivo. It is intriguing to note that sequence analysis reveals extensive phylogenetic conservation of the B23 intron-one tandem E boxes (Fig. 5) , but the human intron-four E box is not conserved in rat or mouse. Furthermore, we found that the in vivo binding of c-Myc as determined by ChIP correlates well with the majority of c-Myc target genes that contain phylogenetically conserved E boxes and f lanking sequences. It is notable that with all target genes studied here, the regions of c-Myc binding determined by ChIP are all within several hundred base pairs of the conserved E boxes. Although sequence conservation can lead to the accurate identification of authentic transcription factor binding sites, there is a fraction of target sites that would be missed through the use of sequence analysis alone. We surmised that the lack of binding sequence conservation in the class II c-Myc target genes may arise from the drift of the c-Myc binding sites through evolution.
The drift of transcription factor binding sites has been suggested to result from mutations of the relatively short nucleotide sequences that define a binding site (22) . Through phylogenetic comparisons of 51 different promoter sequences, it was observed that 40% of the human transcription factor binding sites are not conserved in rodents. Both the small size of transcription factor binding sites and the degeneracy of the consensus binding sites may allow for the emergence of new binding sites through nucleotide substitutions. In particular, because many different nucleotide combinations satisfy the DNA-binding requirements of a transcription factor, new sites may emerge and relax the constraint on previously required sites. Loss of the previously essential sites in the class II genes then could be replaced by the emergence of new sites. The numbers associated with each oligonucleotide indicate the position of the E box relative to the B23 transcriptional start site. B23(Ϫ82) is the first E box that occurs upstream of B23. Note that in the B23(ϩ721) oligonucleotide, the E box 5 nt downstream have been mutated such that this oligonucleotide can be used for comparison to other oligonucleotides containing one putative E box. B23(ϩ721) is one of the canonical E boxes that occurs in intron one of the B23 locus. B23(ϩ4363) is the first E box that occurs within intron four of the B23 gene (see Fig. 1 In contrast to the class II genes, the class I genes display conservation in flanking sequences well beyond the E boxes in nonexonic regions. These islands of highly conserved sequences are likely to contain other transcriptional regulatory sequences that, together with the E boxes, constitute specific transcriptional cis-regulatory modules or regulons. The nature of c-Mycresponsive regulons needs further studies, although in most cases that we studied the preferred c-Myc binding site is the E box (5Ј-CACGTG-3Ј). Of the 14 class I genes that we studied, 7 contain conserved regions in promoter regions, and the other 7 have conserved sequences in intron one. The occurrence of intronic conserved c-Myc binding regions is compatible with the distribution of regulatory cis elements close to promoter regions, extending well into the 5Ј end of first introns (23) . In particular, it is intriguing to note that the frequency of CpG islands is higher than expected at the 5Ј ends of first introns, indicating that transcriptional regulatory elements extend into the first intron. The fact that c-Myc binding to 5Ј-CACGTG-3Ј is inhibited by methylation of cytosine in the central dinucleotide CpG suggests that methylation of E boxes may regulate the responsiveness of c-Myc target genes (24) .
With the development of technologies for the identification of differentially expressed genes, the number of putative c-Myc target genes are now totaling Ϸ550 genes (www.myc-cancergene.org) (25) (26) (27) (28) (29) . On the basis of our studies and the findings of others, we propose a strategy to predict c-Myc binding sites in the large number of emerging putative c-Myc target genes. Phylogenetic comparison through available tools such as VISTA (30) , PIPMAKER (31) , rVISTA (32) , and TRAFAC (33) or through dot-plot analysis used in our study will identify nonexonic islands of highly conserved sequences. Our use of dot-plot analysis is confirmed for several genes available through the TRAFAC server including B23 (NPM1) and LDH-A. With these computational tools, candidate c-Myc target genes, which have not been validated by ChIP assays, could be analyzed for nonexonic conserved sequences that contain canonical 5Ј-CACGTG-3Ј E boxes. In particular, sequences 2 kb upstream and downstream of putative transcriptional start sites would be subject to phylogenetic comparisons. Candidate binding sites then could be verified experimentally by SChIP analysis as reported previously. With the availability of the Myc target gene database (www.myccancer-gene.org), which prioritizes candidate target genes according to the level of experimental evidence, we selected 12 putative target genes that have not been validated by ChIP. Of these, phylogenetic comparisons reveal four target genes with phylogenetically conserved c-Myc binding sites, three of which have been validated experimentally by ChIP (K.I.Z. and C.V.D., unpublished data).
In conclusion, we found that phylogenetic sequence conservation readily identifies class I target gene binding sites that are likely to be validated by ChIP. However, the lack of these conserved regions in class II type targets will require experimental approaches such as SChIP to identify bona fide binding sites.
